Human immunodeficiency virus (HIV) requires a viral protease (PR) for the processing of Gag and Gag-Pol polyprotein precursors into functional enzymes and structural proteins to yield mature virus progeny (19) . Therefore, PR has become one of the major targets of anti-HIV treatment (10) . Today, nine protease inhibitors (PIs) have been approved by the U.S. Food and Drug Administration and are clinically available. One of the major complications of such treatment is the evolution of drug-resistant PR variants (9) . An understanding of the molecular mechanism of resistance is therefore critical for the design of novel, effective PIs that will maintain viral suppression (8, 31, 45) .
The development of PI resistance is only partially understood on the molecular level. In most cases it starts with amino acid substitutions in the substrate-binding pocket of PR (primary mutations) that cause decreased inhibitor binding and may also impair the binding of the natural polyprotein substrate, thus affecting virus replication. Consequently, additional (secondary) mutations accumulate outside the substrate binding pockets. These secondary mutations have little effect on inhibitor binding but improve the proteolytic efficiency of the resistant enzyme and increase viral replication (4, 29) . In addition to primary and secondary mutations in the PR itself, amino acid changes in the cleavage sites of viral Gag polyprotein are also introduced in order to improve the ability of the mutated enzyme to bind and cleave its substrate (12, 46, 22) . Recently, a novel mechanism of PI resistance involving primary mutations in the natural substrate leading to improved polyprotein processing without any prior mutations in the PR coding region was identified (28) . Occasionally, amino acid insertions instead of substitutions are selected during antiretroviral therapy. Insertion mutations are not unusual in HIV reverse transcriptase (RT) isolated from patients treated by RT inhibitors (24, 42) . Amino acid insertions in the PR coding region (1 to 6 amino acids) have been recently detected at various sites in the viral PR sequence, e.g., in regions between codons 17 to 18, 22 to 25, 31 to 32, 35 to 38, 70 to 71, and 95 to 96 (43) . The prevalence of insertions in the PR coding regions of HIV-positive patients is estimated to be 0.1% (18) , and position 35 seems to be most prone to insertions (43) . Most of the insertions stem from duplications of neighboring DNA sequences, which could be explained by primer/template slippage during the reverse transcription process.
Since the insertions are usually accompanied by numerous other mutations in the PR coding region, it is difficult to dissect the relative contributions of amino acid insertions in the PR to the overall resistance and/or viral replicative capacity. To our knowledge, neither an enzymological characterization nor a three-dimensional structure of a PR variant bearing amino acid insertions has been provided so far.
In this study, we set out to characterize the role of amino acid insertions in the PR coding region in resistance development. To this end, we used two PR sequences from HIVpositive patients treated with PIs with amino acid insertions at position 33 or 35 of the PR coding region. To analyze the contribution of the insertions in the PR sequence to viral resistance on a molecular level, we characterized their effects on the virus by studying PR resistance and replicative capacity and on the enzyme directly by using enzymological and structural analysis of the recombinant proteins.
MATERIALS AND METHODS
Database mining. PR amino acid insertions in a U.S. reference laboratory database consisting of over 208,000 HIV type 1 (HIV-1) clinical samples submitted to Quest Diagnostics Nichols Institute (San Juan Capistrano, CA) for genotype analysis between 1999 and May 2007 were tabulated. To account for imprecision in the placement of the inserted residues in the alignments performed in a reference laboratory setting, the insertions were then grouped into three regions, residues 1 to 31, 32 to 41, and 42 to 99. Predicted antiretroviral resistance was assessed from genotypic data according to the Quest Diagnostics resistance algorithm. Amino acid positions with mixed wild-type and mutant amino acids were excluded from the mutational association estimates. Viral RNA analysis. Samples from two patients, identified through a screening procedure for a clinical trial, were used for the study. The entry criteria involved repeated failure with a PI-containing regimen. Viral RNA was isolated from 100 l of plasma according to the method described by Boom et al. (3) . Subsequently, the isolated viral RNA was used to reverse transcribe and amplify viral PR and the C terminus of Gag, essentially as previously described (37) . Subsequently, the viral PR was sequenced using a BigDye Terminator cycle sequencing kit, versions 1.1 and 3.1 (Applied Biosystems International, Foster City, CA) (37) .
Cells. MT-2 and SupT1 cells were maintained in RPMI 1640 medium with L-glutamine (BioWhittaker, Verviers, Belgium) supplemented with 10% fetal bovine serum (Gibco, Breda, The Netherlands) and 10 g/ml gentamicin (Gibco). 293T cells were maintained in Dulbecco's modified Eagle's medium (BioWhittaker) supplemented with 10% fetal bovine serum and 10 g/ml gentamicin. All cells were passaged twice weekly.
Generation of recombinant virus. The viral DNA fragment including the viral PR and the C-terminal portion of Gag were cloned into an HXB2 reference strain as previously described (36) . To do so, the PCR product and the vector (pHXB2⌬ CSPR) were both digested with BstEII and MluNI. The PCR product and vector (pHXB2⌬ cleavage site protease plasmid) were ligated using a Rapid DNA Ligation Kit (Roche Diagnostics GmbH, Mannheim, Germany). Several clones were sequenced, and a representative clone was used for transfection. A total of 6 ϫ 10 6 293T cells were seeded the day prior to transfection to achieve 90 to 95% confluence on the day of transfection. For transfection of 10 g of plasmid DNA, Lipofectamine 2000 (Invitrogen, Breda, The Netherlands) was used according to the manufacturer's protocol. The recombinant virus was harvested 2 days after transfection.
Generation of site-directed mutants in the recombinant virus.
To investigate the impact of the insert in the viral PR on phenotypic PR susceptibility and replication capacity, we generated site-directed mutants without the inserts (recombinant viruses VPR2 and VPR4). Therefore, PCR was performed on the recombinant virus clone using an Expand High Fidelity Plus PCR System (Roche Applied Sciences) and primers 5Ј-p2 (5Ј-AAGCAATGAGCCAGGTAACCAA TTC-3Ј; positions 1883 to 1907) and 3Ј-prot-2 (5Ј-AATGCTTTTATTTTTTCT TCTGTCAATGGC-3Ј; positions 2650 to 2621) and a third mutagenesis primer which was either VPR1-out (5Ј-TTCCCGGCAAATTCATTTCTTCTAATATT GT-3Ј) or VPR3-out (5Ј-GGCAAATTTATTTCTTCTAATACTGTATCATCT GCT-3Ј). Subsequently, the PCR product was used to generate a recombinant virus clone, and sequence analysis was performed to confirm the generation of the correct recombinant virus clone.
Drug susceptibility analysis. The infectious virus titer (50% tissue culture infective dose) was determined using end-point dilutions in MT-2 cells. The drug susceptibility of the viruses was determined in duplicate using a multiple cycle MTT [3-(4,5-dimethylthiazol-2-yl)2 2,5-diphenyl tetrazolium bromide] assay (Antivirogram; Virco BVBA Mechelen, Belgium) (5) .
Replication competition experiments. To determine the relative replication capacity of the PR variants with and without insertions, competition experiments were performed in SupT1 cells. Replication competition experiments were performed by mixing two recombinant viruses based on the 50% tissue culture infective doses. In a total volume of 1 ml, 2 ϫ 10 6 SupT1 cells were infected at a multiplicity of infection of 0.001. After 2 h of infection at 5% CO 2 and 37°C, cells were washed and subsequently cultured in 10 ml of fresh culture medium. When full-blown syncytia were present in the culture, the viral supernatant was harvested, of which ca. 10 to 50 l was used to infect 2 ϫ 10 6 SupT1 cells until four serial passages were performed. RNA was extracted from the culture supernatant at several time points during the experiment, and the viral PR gene was sequenced as described previously. The relative amount of the insert in the population was determined by estimating the relative peak heights of the electrophoretograms.
Viral replication experiments. The amount of p24 in each 293T cell recombinant virus batch was determined by enzyme-linked immunosorbent assay (Ampak; DAKO, Cambridgeshire, United Kingdom) (26) . Viral replication experiments were performed by infecting 2.0 ϫ 10 6 SupT1 cells with 100 ng of p24 from each recombinant virus batch. After 2 h of incubation, the cells were washed twice with RPMI 1640 medium with L-glutamine (Cambrex, Verviers, Belgium) and resuspended in 10 ml of culture medium (RPMI 1640 medium with L-glutamine supplemented with 10% fetal calf serum; Gibco, Breda, The Netherlands) and gentamicin (10 g/ml; Invitrogen, Breda, The Netherlands). The cultures were maintained for 13 days, and each day two samples of 150 l of cell-free viral supernatant was taken for p24 analysis.
DNA amplification and mutagenesis for recombinant protein expression. The HIV-1 PR coding regions from the patients were amplified from the recombinant virus clones. The amino acid sequences (PR1 and PR3) are depicted in Fig. 1 , and all the substitutions with respect to the HIV sequence database consensus B sequence (www.hiv.lanl.gov.) are summarized in Table 1 . The amplifications were performed using the forward primer 5Ј-ATCCTTTCATATGCCTCAGAT CACTCTTTGG-3Ј, which is specific to the 5Ј end of the PR coding region and includes an NdeI site, and the reverse primer 5Ј-TTGAATTCGATATCATTA AAAATTTAAAGTGCAGCC-3Ј, which contains an EcoRI site. The PCR products were subsequently ligated into the expression vector pET24a (Novagen, Darmstadt, Germany). The E35EE insertion was removed from PR1 by ligation of two PCR products to obtain DNA encoding PR2. The primers used for generation of the first PCR product were 5Ј-GCGCTCCCGGCAAGTTCATT TCTTCTAATATTGTATCATC-3Ј, which includes a recognition site for BssKI endonuclease, and 5Ј-ATCCTTTCATATGCCTCAGATCACTCTTTGG-3Ј, which contains an NdeI site. The amplification of the second product was performed using primers 5Ј-TTGCCGGGAAGATGGACACCAAAAGTGGTAG GG-3Ј, which includes a BssKI site, and 5Ј-TTGAATTCGATATCATTAAAA ATTTAAAGTGCAGCC-3Ј, which contains an EcoRI site. These products were cleaved by the above-mentioned endonucleases and ligated into pET24a. The same procedure was carried out for deletion of the L33LL insertion from PR3 to obtain PR4 using the following primers: 5Ј-GCGCTCCTGGCAAGTTAATCT CCTCTAATACTGTATCATCTGC-3Ј, 5Ј-ATCCTTTCATATGCCTCAGATC ACTCTTTGG-3Ј, 5Ј-TTGCCAGGAAGATGGAAACCAAAAATAATAGG G-3Ј, and 5Ј-TTGAATTCGATATCATTAAAAATTTAAAGTGCAGCC-3Ј.
Protein expression and purification. All of the PRs were overexpressed in Escherichia coli BL21(DE3)RIL (Novagen, Darmstadt, Germany), and insoluble recombinant protein, accumulated in the form of inclusion bodies, was isolated and solubilized in 67% (vol/vol) acetic acid. The recombinant PRs were refolded by dilution into a 25-fold excess of water and overnight dialysis against water at 4°C, followed by subsequent overnight dialysis against 50 mM morpholineethanesulfonic acid, pH 5.8, 10% (vol/vol) glycerol, 1 mM EDTA, and 0.05% (vol/vol) 2-mercaptoethanol. The PRs were purified by cation exchange chromatography using MonoS fast protein liquid chromatography (Amersham Bioscience, Uppsala, Sweden). The purified enzymes were stored at Ϫ70°C (34) .
Activity and inhibition assay. The inhibition constants (K i values) were determined by spectrophotometric assay using the chromogenic peptide substrate KARVNle*NphEANle-NH 2 (where Nle is norleucine and Nph is p-nitrophenylalanine and the asterisk signifies the PR cleavage site) as previously described (39) . Typically, 8 pmol of PR was added to 1 ml of 0.1 M sodium acetate buffer, pH 4.7, 0.3 M NaCl, and 4 mM EDTA, containing substrate at a concentration near the K m of the enzyme and various concentrations of inhibitor dissolved in dimethyl sulfoxide (DMSO). The final concentrations of DMSO were kept below 2.5% (vol/vol). Substrate hydrolysis was followed as a decrease in absorbance at 305 nm using a Unicam UV500 UV-visible light spectrophotometer (Thermo- 
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Spectronic, Cambridge, United Kingdom). The data were analyzed using the equation for competitive inhibition according to Williams and Morrison (40) .
Crystallization and data collection. The enzyme-inhibitor complexes for crystallization were prepared by mixing the enzyme with a fivefold molar excess of lopinavir (in DMSO) and concentrated by ultrafiltration to a final protein concentration of 8 mg/ml. The crystals were grown using a hanging-drop vapor diffusion technique at 19°C. The crystallization drops contained 2 l of proteininhibitor complex solution and 1 l of the reservoir solution. The optimized reservoir solutions for the PR1-lopinavir and PR2-lopinavir complexes contained 0.5 M ammonium sulfate and 0.1 M morpholineethanesulfonic acid, pH 5.4 or pH 5.5, respectively. Cross-seeding and microseeding techniques were used for crystal optimization (35) . For diffraction measurement, the crystals were soaked in the reservoir buffer solution supplemented with 30% (vol/vol) glycerol and cryo-cooled in liquid nitrogen. Diffraction data were collected at 100 K at beam line 19-ID of the Structural Biology Center at the Advanced Photon Source, Argonne National Laboratory, Argonne, IL, at a wavelength of 0.97Å and were processed using the program HKL-3000 (25) . Crystal parameters and data collection statistics are summarized in Table 2 .
Structure refinement and analysis. Since the hexagonal crystals we obtained appeared to be isomorphous with all other P6 1 crystals of HIV-1 PR complexes, the structure determination was performed by the difference-Fourier method using PR from Protein Data Bank (PDB) structure 1U8G (7) as the initial model. Initial rigid-body refinement and subsequent restrained refinement were performed with the program REFMAC, version 5.1.24 (27) , from the CCP4 package (1). The program Coot (13) was used for manual model rebuilding and inhibitor building. Final TLS refinement (using the tensors translation [T], libration [L] , and correlation of translation and libration [S]) (41) was done with TLS groups corresponding to HIV PR subdomains (33) . The final refinement statistics are summarized in Table 2 .
Protein structure accession numbers. Atomic coordinates and structure factors have been deposited in the PDB under accession codes 2RKG and 2RKF for PR1 and PR2, respectively.
RESULTS

Prevalence of amino acid insertions in the PR sequence.
To analyze the prevalence of PR insertions in the clinical population, we surveyed a mutation database constructed from more than 208,000 clinical HIV-1 sequences submitted for genotypic analysis between 1999 and May 2007. The majority of PR insertions (313 out of 334, or 93.7%) occurred between residues 32 and 41, which include a portion of the substrate cleft and the loop region known as the PR flap elbow (residues 37 to 42). The overall prevalence of substrate cleft insertions was 0.15% of all sequences and 0.27% of sequences with predicted resistance to any PI or RT inhibitor. The prevalence of substrate cleft insertions significantly increased from 0. with insertions identified between January 2002 and April 2007 to 34,777 PR sequences from the same period with predicted resistance to one or more PIs but with no insertions in the primary sequence. We found eight positions (11, 13, 16, 36, 47, 57, 89 , and 91) that were mutated more frequently in the insertion sequences and two positions (30 and 88) that were mutated less frequently (see Table S2 in the supplemental material).
Enzymatic analysis of recombinant PRs with and without insertions. We identified two patient-derived viral isolates representing the commonly observed amino acid insertions at positions 33 and 35 of HIV PR and set out to characterize the contribution of these insertions on the molecular and virological levels. The PR insertion variants identified in the HIVpositive patients were cloned, expressed in E. coli, purified, and characterized with respect to PI resistance. Since the insertions in the PRs studied occur on the background of many other resistance-conferring mutations (12 mutations in PR1 and 15 mutations in PR3), we decided to dissect the relative contribution of the insertions in positions 33 and 35. Therefore, we prepared the corresponding mutants lacking the insertions at positions 33 and 35 by site-directed mutagenesis (Table 1 , PRs 2 and 4).
We investigated the impact of an insertion at position 33 or 35 on the catalytic activity of the viral PR with purified recombinant proteins using an in vitro activity assay. We analyzed the ability of PR variants with and without insertions to hydrolyze a chromogenic substrate in order to determine the impact of amino acid insertions on k cat and K m values. The data are summarized in Table 1 ; patient-derived PR1 (E35EE insertion) and PR3 (L33LL) show slightly increased K m values and more significantly decreased k cat values relative to the wildtype PR. However, if we compare the isolated influence of the PR insertion on the enzyme kinetics (i.e., if we directly compare PR 1 to 2 and PR 3 to 4), we conclude that the insertion itself leads to the increase in the K m values without affecting the substrate turnover. The specific activities (k cat /K m ) of insertion mutants (PR1 and PR3) are approximately 7 or 5 times lower, respectively, than that of the wild-type HIV PR, and 2.6 or 1.8 times lower, respectively, than the control mutant proteases PR2 and PR4, which lack the insertions ( Table 1) .
The impact of PR insertions on viral replication capacity. The impact of PR insertions on the replication capacity of the virus was investigated by performing viral replication and competition experiments in SupT1 cells (Fig. 2) . To do so, the patient-derived viral PR and the C-terminal part of Gag (including the nucleocapsid/p1 cleavage site changes A431V in VPR1 and VPR2 and the A437V substitution in VPR3 and VPR4 (see Fig. S2 in the supplemental material) was cloned in an HIV-1 subtype B reference strain (HXB2). In line with the enzymatically determined catalytic efficiency of the PR variants, all viruses with PR mutants replicated less efficiently than wild-type HXB2 (Fig. 2A) . A comparison of the replication capacity of the viral variants VPR3 and VPR4, with and without the L33LL insertion, respectively, showed in both the replication curves and the competition experiments that presence of the insertion (VPR3) results in a reduced viral replication capacity (Fig. 2C ). This observation is in agreement with the reduced enzymatic catalytic efficiency of the PR mutant with the insertion (PR3) compared to PR4. Although the differences are much less pronounced in the replication curves, the competition experiments clearly show that VPR1 (with the E35EE insertion) replicates better than the variant without the insertion (VPR2) (Fig. 2B) .
Drug susceptibility analysis: relative K i and vitality values for the recombinant PRs. The recombinant PRs with or with-
FIG. 2. (A)
Replication kinetics of the viral PR mutants. Recombinant viruses containing patient-derived viral PRs with multiple amino acid substitutions were prepared. VPR1 contains an E35EE insertion and VPR3 contains an L33LL insertion. VPR2 and VPR4 are derivatives of VPR1 and VPR3, respectively, lacking the corresponding insertions. Viral replication experiments were performed with these recombinant viruses in SupT1 cells. Virus replication was monitored by p24 production in the culture supernatant. (B and C) Replication competition experiments, comparing the replication capacity of VPR1 relative to VPR2 (B) and VPR3 relative to VPR4 (C). Replication competition assays were performed in SupT1 cells in two independent experiments. At several time points during viral culture, the relative presence of both viruses in the population was determined by sequence analysis. (14) introduced vitality as a measure of the relative capability of the mutated enzyme to cleave its substrate in the presence of an inhibitor. The vitalities of individual mutants with nine clinically available inhibitors are shown in Fig. 3 . A direct comparison of PR1 (E35EE) and PR2 (without the mutation) reveals that the E35EE mutation increases the vitality of the PR in the presence of saquinavir, ritonavir, and lopinavir by an order of magnitude, does not significantly change the vitalities in the presence of other PIs, and actually decreases the vitality of the PR mutant in the presence of nelfinavir (Fig. 3A) . Along similar lines, the L33LL insertion significantly increases the vitality in the presence of saquinavir, ritonavir, lopinavir, and nelfinavir. Interestingly, the L33LL insertion has a different effect on nelfinavir resistance than the E35EE insertion. While the affinity of nelfinavir to the PR is almost unaffected by the E35EE mutation (and the overall vitality is, in fact, decreased due to the lower catalytic efficiency of the mutant), the L33LL insertion decreases the binding affinity of nelfinavir to the PR mutant by a factor of 10 (compare Table 3 and Fig. 3) .
Phenotypic protease susceptibility to PIs. The impact of the inserts in the viral PR on the phenotypic PR susceptibility was analyzed by a recombinant virus assay in which the PI susceptibility of the viral protease and the C-terminal part of Gag was assayed in the background of a subtype B reference virus. In parallel, recombinant viruses harboring the mutated region without the inserts were prepared by site-directed mutagenesis as controls. In line with the enzymatic data, PR insertion variant VPR1 (corresponding to PR1) has clinically significant levels of resistance to all PIs except for saquinavir (Table 3) . PR insertion variant VPR3 shows clinically significant levels of resistance to all PIs but darunavir. Comparison of the PR variants with and without the insertion (i.e., VPR1 and VPR2) confirmed that the E35EE insertion is associated with an increase in viral resistance, although the difference is smaller in comparison to the K i data. For the other PR insertion L33LL (VPR3), the effect on PI susceptibility is less pronounced. While we see a significant increase in resistance to lopinavir in the presence of the insertions, the effect on other PIs is limited or cannot be investigated because both variants have a 50% inhibitory concentration (IC 50 ) value above the cutoff of the assay.
Crystal structures of recombinant PRs with and without the E35EE mutation. X-ray crystal structures of PR1 and PR2 in complex with lopinavir were determined using data to a resolution of 1.8 Å (Fig. 4A ; see also Table S1 in the supplemental material). Both complexes crystallized in the same hexagonal form with one PR dimer in the asymmetric unit, and structures were refined with two inhibitor molecules bound in alternative orientations with 50% relative occupancy. Overall, the two crystal structures are very similar with a root mean square deviation (RMSD) of 0.39 Å for all main-chain atoms, a value within the range observed for different crystal structures of identical proteins (2). However, a detailed analysis of the RMSDs of the individual C␣ positions after superimposition of the two structures revealed several local structural changes caused by the E35EE mutation (Fig. 4C) . The insertion causes direct rearrangement primarily in the vicinity of position 35, as documented by the large RMSDs for the C␣ atoms of residues 34 to 37. The quality of the electron density maps and higher atomic displacement parameters (B factors) also suggested increased disorder and mobility of the two glutamic acid residues in PR1 (Fig. 4B) . Other structural differences can be found in the flap region (residues 44 to 46 and 54 to 55) and in the vicinity of residues 78, 79, and 82, which are part of the substrate binding subsites (Fig. 4C) . The position and conformation of the inhibitor within the enzyme catalytic site remained the same in both structures (the RMSD for all lopinavir atoms is bellow 0.18 Å). Also, all polar interactions, direct and water-mediated hydrogen bonds, between lopinavir and PR1 or PR2 are preserved, and parameters describing PI binding (15, 20) are not significantly altered (see Table S1 in the supplemental material).
DISCUSSION
Insertions in various codons of PR have been described as rare events, and they always appear in combination with welldescribed PI resistance mutations. We show that PR insertions, particularly those between residues 32 and 42, have become more prevalent since 1999. These insertions are positively correlated with PR codons associated with resistance to PIs whose usage has increased in recent years, including atazanavir (position 16) (38), lopinavir and amprenavir (position 47) (21, 17) , and tipranavir (positions 13, 36, and 47) (11) . Additionally, a mutation at position 57 is a predictor of early virologic failure (23) , and codon 91 mutations are more common in patients on long-term nonsupressive PI therapy (16) . Mutations at position 11 are also associated with PI treatment (44, 32) . While the insertions lead to a decrease in PI susceptibility and modestly improve viral fitness (18) , they seem to contribute to PI resistance only in combination with other mutations either in the PR or in Gag. To our knowledge, however, no structural or enzymological analysis of HIV PR variants with insertions has been provided. We investigated the impact of PR insertions on PI susceptibility both in vitro and in vivo using recombinant enzymes and viruses. We aimed to elucidate the effect of insertions in the PR on viral replication capacity as well as on the activity, vitality, and three-dimensional structure of the mutated enzyme.
Analysis of the recombinant patient-derived resistant HIV PRs (with or without insertions in positions 35 and 33) shows a severalfold decrease in the relative enzymatic activities compared to the wild-type HIV-1 PR. The drop is mainly due to the decrease in k cat values for hydrolysis of the chromogenic peptide substrate. Control PRs lacking the insertions (PR2 and PR4) show a two-to threefold increase in relative activity compared to PR1 and PR3, respectively, mostly due to lower K m values, which suggest improved substrate binding. This observation is in line with the reduced viral replication kinetics of all mutant viruses, with or without insertions, compared to the wild-type reference virus. However, it should be noted that a direct comparison of the enzymatic data to the virological data is intrinsically complicated because of all the differences between the assays, including the presence of patient-derived Gag sequences in the recombinant virus. Gag cleavage site mutations have been shown to partially restore the PI resistance mutation-associated loss of viral fitness seen in PI-resistant viruses (21, 22) . Even though the recombinant viruses containing E35EE (VPR1 and 2) and L33LL (VPR3 and 4) insertions are thus not directly comparable, the trends between the enzyme or the virus with and without insertion can be reliably investigated.
As indicated above, both PR insertions increased the resistance to most clinically available PIs. Investigation of the replication capacity revealed that all PR mutants, with and without insertions, had to pay a price for PR resistance and replicated less well than wild-type HXB2. Furthermore, the impact of the insertions on the relative replication capacity was investigated and revealed that selection of the L33LL insertion in the background of 15 known PR resistance mutations decreased the replication capacity of the virus. Analysis of the relative replication capacity of the other PR insertion (E35EE) demonstrated that this variant replicated better that the one without the insertion. This observation is in line with another position 35 insertion mutant described by Kim et al. (18) . They demonstrated that the replication capacity of virus containing PR with an insertion at position 35 is higher than that of the corresponding insertion-lacking mutant, both in viral replication experiments and in direct competition experiments (18) .
The presence of the E35EE insertion together with 12 known PR resistance mutations clearly increases the resistance to PIs, as shown by both vitality values obtained from recombinant PRs and by phenotypic susceptibility assays with recombinant viruses. It is important that the effect of insertions at positions 33 and 35 was studied in the context of a background of other mutations found in two particular viral samples. Further extensive experimental work would be necessary to completely describe the role of background mutations for HIV resistance by amino acid insertions in the PR region. Remarkably, the presence of the E35EE insertion in the background of other PR resistance-associated mutations was associated with an almost 10-fold increase in the virological resistance to the novel high genetic barrier PI darunavir. A severalfold increase in virological resistance was also observed for saquinavir, lopinavir, indinavir, amprenavir, and atazanavir. Vitality values for the corresponding recombinant PRs with and without the mutations reveal a similar pattern. As far as we know, there are very few studies in which the impact of an insertion in the viral PR on the virological susceptibility has been investigated (18, 6, 30) . These studies showed that, in general, no large differences in susceptibility to PIs as a result of insertions could be identified. However, the presence of a 5-amino-acid insertion at position 35 in combination with two known PR resistance mutations did confer a five-to sixfold increase in resistance to indinavir, which agrees with the observation that the insertion variant replicated at a higher rate than the variant without insertion in the presence of low levels of indinavir (18) .
It is interesting that the prevalence of the insertions started to increase after 2002. Lopinavir was approved for clinical use by the Food and Drug Administration in September 2000 and has been used extensively ever since. It could be speculated that lopinavir selects for these insertions.
With respect to the other PR insertion studied here, L33LL, the effect on PI susceptibility was much less clear. In in vitro assays using recombinant enzymes, an increase in K i for all PIs tested except darunavir was observed, whereas the virological assay indicates an increase in resistance to lopinavir only. The virological resistance to the other PIs is limited or cannot be investigated because both variants have IC 50 values above the cutoff of the assay. In general, the differences in resistance are more pronounced on an enzymatic level than in the virus, which corresponds to our earlier finding when replicative capacity of a series of drug-resistant HIV mutants was correlated with the kinetic parameters of corresponding recombinant mutated PRs (29) .
In order to explain the phenotypic changes brought about by PR insertions in structural terms, we solved the structures of PRs with and without the E35EE insertion (PR1 and PR2, respectively) in complex with the PI lopinavir. The comparison of these structures shows that the E35EE insertion does not significantly change the overall inhibitor binding to the substrate binding sites (see Table S1 in the supplemental material). Detailed comparison of van der Waals distances between inhibitor and residues within individual substrate binding subsites revealed a slight enlargement of the P1 and P1Ј pockets in the PR1 complex structure compared to the PR2-lopinavir structure. This enlargement is caused by a minor rearrangement of residues 78, 79, and 82, and it results specifically in the loss of van der Waals contacts between the S1 and S1Ј benzyl rings of lopinavir and the side chain of Ala 82 (see Fig. S1 in the supplemental material). This subtle change in inhibitor binding could account for the weaker binding of lopinavir to PR1. However, it is more likely that additional factors are involved in the PI resistance caused by the E35EE insertion. The increased disorder of two glutamic acid residues observed in the PR1 structure, together with the slight structural differences of several flap resides (44 to 46 and 54 to 55) relative to the PR2 structure, might indicate that the insertion also influences the dynamics of flap movements during inhibitor binding. Impaired dynamics of flap movement could explain the overall trend of weaker inhibitor binding to insertion mutants.
In conclusion, we confirmed by enzymological characterization using recombinant PRs and by phenotypic analysis with recombinant viruses that the amino acid insertions in positions 33 and 35 contribute to viral resistance to many PIs currently in clinical use. X-ray analysis of the complexes of PRs with lopinavir revealed minor secondary structural changes in the flap region and the P1 and P1Ј subsites, leading to the enlargement of the PR binding site. This structural difference together with possibly impaired flap dynamics could account for the weaker binding of the inhibitor by insertion mutants. Amino acid insertions into the PR sequence in the vicinity of the binding cleft therefore represent a novel mechanism of HIV resistance development.
